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mal expansion and thenaal conductivity; (3) conduct a spiral 
bevel gear development test; (4) thermal map a transmission; 
(5) conduct a 50-hour overpower test; and (6) conduct a 
fail-safe test. The input quill area of the composite hous- 
ing structurally failed while preparations were being made 
tc thermal map a transmission,  rhe remaining test program 
was cancelled, and failure analysis was performed on the 
composite housing. 

Briefly, the test results are: 

1. To prevent delanunation, (irindimj h.id to be used 
almost entirely to machine the carbon-epoxy material. 

2. The averaqe coefficient of linear thermal expansion 
of the filament-wound carbon-epoxy liners in the 
housing bores in the circumferential direction was 
2.0 x 10"6 in./in.-'F for 123:F to 35O0F.  For com- 
parison, the coefficient of linear thermal expansion 
of Ftcel and maqnesium is 6.3 x 10-^ in./in.- F and 
14.J x 10~6 in./in.-"F, respectively. 

3. The averaqe thermal conductivity of the composite 
housinq was .52 BTU/hr-ft-0F for 1415F to 203 F. 
For comparison, the thermal conductivity of maqnesium 
and asbestos is 92 BTL/hr-ft-'F and .087 to .375 BTU/ 
hr-ft-0F, respectively. 

4. The spiral bevel year development test showed that the 
composite housing was slightly stiffer than a maunesium 
housing since t.ie wear pattern en the input spiral 
oovel pinion teeth did not move as close to the heel 
as usual. 

5. The failure analysis showed that the structural fail- 
ure of the input quill area of the composite housing 
was the result of a defective main bearina rinq-to- 
honsin'i bond. 

The structural failure of the composite housinq showed that 
this particular desiqn was not satisfactory for a helicopter 
transmission.  However, the use of composite materials for 
helicopter transmission housings merits further investiqation 
because of the potential of increased stiffness, strength, and 
tolerance to ballistic hits for the same or less wtqht. 
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PREFACE 

This report contains the results of a test program for dynamic 
testing of a composite material helicopter transmission housing. 
The program was conducted by Bell Helicopter Company (BHC) for 
the Eustis Directorate, U.S. Army Air Mobility Research and De- 
velopment Laboratory (USAAMRDL) from 8 March 1973 to 8 March 
1975. 

The program was performed under USAAMRDL Contract DAAJ02-73-C- 
0038. 

USAAMRDL technical direction was provided by Robert L. Rodgers. 
The program was conducted under the technical direction of 
C. E. Braddock, Project Engineer, of the BHC Transmission De- 
sign Group. Acknowledgement for technical contribution is due 
H. Zinberg of the BHC Research Projects Group, who aided in 
the failure analysis. 

\ 
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INTRODUCTION 

For many years» helicopter transmission housings have been 
made from aluminum or magnesium castings. These housings have 
good strength, stiffness» and thermal conductivity properties 
at a reasonabla cost and weight. However, cast housings have 
very low tolerance to ballistic hits. 

Advanced composite materials have been used successfully for 
numerous aircraft structures, such as drive-shaft tubes, con- 
trol bellcranks, and airframe components. Most of these struc- 
tures have been relatively simple from the standpoint of fabri- 
cation, machining, and number of load paths. The use of ad- 
vanced composite materials for helicopter transmission housings 
offers the potential of improved stiffness, strength, and 
ballistic-hit tolerance for thv.  sane or less weight.  In such an 
application, however, many formidable problems present them- 
selves: multipath loading, development of machining techniques, 
heat transfer requirements, and installation of steel liners. 
The purpose of this program is to address these problems. 

The composite transmission housing to be evaluated under this 
program was designed to replace an existing 204-040-353-23 
magnesium housing used in the UH-1 transmission  The composite 
housing is shown in Figures 1 and 2, and the magnesium housing 
is shown in Figures 3 and 4. As shown in figure 5, the bousing 
is attached via bolted flanges to the ring gear housing above 
and a su^ort housing below. The support housing is attached 
to the airframe by four elastomeric mounts and a lift link. 
This arrangement, results in the -353-23 housing being subjected 
to torsional and lift loads during flight. 

An additional function of the housing is to house and support 
the  input spiral bevel pinion and gear and two accessory gears 
driven by the input spiral bevel gear. The input pinion loads 
are tremsferred to the housing via a triplex ball bearing lo- 
cated near the outer proximity of the housing and by a roller 
bearing locate^ on the nose of the pinion. The input gear 
loads are transferred to the -353-23 housing via a duplex ball 
bearing mounted in a steering wheel housing which attaches to 
the top of the -353-23 housing and by a roller bearing located 
near the bottom of the -353-23 housing. Both forward and port 
bores are provided in the -353-23 housing to mount accessory 
drives. 

The work outlined under the initial test program was to: (1) 
investigate tooling parameters and finish machine a housing; 
(2) determine the coefficients of thermal expansion and ther- 
mal conductivity; (3) conduct a spiral bevel gear development 
test; (4) thermal map a transmission; (5) conduct a 50-hour 
overpower test; and (6) conduct a fail-safe test. 

11 



Fiqure 1. Input Quill Area of the Composite Housing 

Bottom View of the Composite Housing 



Figure 3. Input Quill Area of 204-040-353-23 
Maynesium Housing. 

Figure 4. Bottom View of 204-040-35 3-2 3 
Magnesium Housing. 

13 
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Figure 5. UH-1 Transmission Assembly. 

14 
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Two composite housings were furnished by USAAMRDL to BHC for 
performing the test program.  Serial Number (S/N)1 housing 
was to be used to investigate machining and tooling require- 
ments and to conduct the thermal expansion and conductivity 
analysis.  S/N 2 housing was to be finish machined and as- 
sembled in a bench test transmission. A dimensional layout 
pei. formed on S/N 2 housing revealed several discrepancies 
precluding the machxning of the housing to a 204-040-353-23 
blueprint configuration.  The housing was returned to its man- 
ufacturer for rework. Subsequently, the discrepancies were 
corrected, the housing machined, and a bench test transmission 
assembled. 
While preparations were being made to perform the spiral 
bevel gear development test, excessive leakage of oil 
through bond voids and cracks around the input quill bore 
was discovered.  Th* housing was removed from the trans- 
mission, and the cracks and voids were sealed with a 
fluorinated silicone adhesive. After the transmission 
was reassembled, the spiral bevel gear development test was 
successfully completed. 

The composite housing was instrumented and assembled in an in- 
strumented transmission to perform a thermal map similar to 
the one performed under USAAMRDL Contract DAAJ02-72-C-0081.1 
During a shakedown run prior to the thermal map, the input 
quill area of the composite housing structurally failed. 
The remaining test program was cancelled, and a failure 
analysis was performed on the composite housing. 

1Drennan, J. H., and Walker, R. D., TRANSMISSION THERMAL MAPPING (UH-1 MAIN 
ROTOR TRANSMISSION), USAAMRDL Technical Report 73-90, Eustis Directorate, 
U. S. Army Air Mobility Research and Development Laboratory, Fort Eustis, 
Virginia, December 1973, AD 777603. 

15 



TECHNICAL DISCUSSION 

MACHINE TOOL INVESTIGATION 

The composite transmission housing to be evaluated in this 
program is a complex structure due to cutouts for gear quills, 
lubricant fittings and passages, internal bearing mountings, 
and interfaces with housings above and below.  Due to its com- 
plex nature, the housing requires extensive close-tolerance 
machining.  Examples of some of the tolerances from the 204- 
040-353 blueprint (dimensions in inches) are 6.75025 t   .00025 
input bore diameter; 5.0005 + .0005 port and forward accessory 
bore diameters; 14.525 ± .002 0-ring diameter; 10.1555 ± .0025 
top flange surface; .3125 t  .0005 oil jet hole; .37605 ±   .00025 
dowel pin holes; and a 63 AA finish on all machined surfaces. 

As detailed in Reference 2, the material used for the housing 
was Narmco's 5208 prepreg,which is based on a high-temperature 
resin system and Modmor I carbon fibers.  U. S. Polymeric*s 
EM 7302 glass-tapoxy bulk molding compound (BMC) was used for 
the bearing ring inserts and bosses.  Components of the housing 
were bonded together with Hysol Dexter*s EA-934 epoxy adhesive. 

Since machining of composite materials is still in its infancy, 
S/N 1 composite housing was used to investigate tooling param- 
eters and tooling requirements. Boring, drilling, and milling 
tests were conducted on the BMC and the carbon-epoxy materials 
of the housing. 

No difficulties were encountered in machining the BMC material. 
The BMC material could be machined with the same tools and 
similar speeds and feeds as used on the production 204-040- 
353-23 magnesium housing. 

Results of the boring test on the carbon-epoxy material are 
shown in Table 1.  None of the methods in Table 1 yielded 
satisfactory results. To maintain size and to prevent delam- 
ination of the carbon-epoxy material, grinding was the only 
acceptable method found to machine the housing bores. 

Results of the drilling test on the carbon-epoxy material are 
shown in Table 2. The fourth drilling configuration in Table 
2 yielded satisfactory results. 

Results of a milling test on the carbon-epoxy material are 
shown in Table 3. To maintain size and prevent delamination, 
grinding again was the only acceptable method found to machine 
the flat surfaces of the housing. 

^hase, V. A., INVESTIGATION OF THE USE OF CARBON COMPOSITE MATERIALS FOR 
HELICOPTER TRANSMISSION HOUSING APPLICATIONS, USAAMRDL Technical Report 
73-7, Eustis Directorate, U. S. Army Air Mobility Research and Development 
Laboratory, Fort Eustis, Virginia, July 1973, AD 771978. 
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CASE MACHINING AND ASSEMBLY 

While S/N 1 housing was being used to investigate machining and 
tooling requirements, a dimensional layout was performed on 
S/N 2 housing.  The dimensional layout revealed several dis- 
crepancies, precluding a finish machined housing to the 204- 
040-353-2 3 blueprint configuration. The S/N 2 housing was re- 
turned to its manufacturer to be reworked. 

The discru-pancios and the method by which they were corrected 
are outlined below.  All dimensions are in inches. 

1. Ten .495 diameter thru holes and two tapped holes 
were already in the bottom flange (Surface "T") upon 
receipt of the housing.  The blueprint requires 
twelve .390/. 396 diameter thru holes located W-tth 
respect to the centerline of the finish machined 
input pinion bore.  The discrepancy was corrected 
by bonding solid steel inserts in the holes. 

2. Six 3/8-16UNC-3B tapped holes were already in the 
bottom flange (Surface "T") upon receipt of the 
housing.  The blueprint required th" tapped holes 
to be located with respect to the centerline of 
the finish machined input pinion bore.  The dis- 
crepancy was corrected by filling the holes with 
bulk molding compound (BMC). 

3. The dimension from the centerline of the input pinion 
bore (Diameter "J") to the lower surface of the bottom 
flange (Surface "T") would machine to approximately 
4.110 to cleanup.  The blueprint required the di- 
mension to be 4.122/4.127.  The required machining 
stock was provided by laying on additional carbon- 
opoxy material to Surface "T". 

4. Twenty .495 diameter thru holes were already in the 
top flange (Suriace "U") upon receipt of the housing. 
The blueprint required twenty .390/.396 diameter thru 
holes located with respect to the centerline of the 
finish machined input pinion bore. The discrepancy 
was corrected by bonding solid steel inserts in the 
holes. 

5. There was not enough machine stock for the .9 38 diam- 
eter counterbore located near the bottom of the in- 
put pinion bore. The counterbore houses the oil 
transfer tube.  The required machining stock was pro- 
vided by laying on additional BMC material. 
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6. The O-ring sealing diameter (Diameter "S") located 
near the top flange would machine to approximately 
14.250 to cleanup. The blueprint required Diameter 
"S" to be 13.750/13.752. Additional carbon-epoxy 
material was laid onto Diameter "S" by the housing 
manufacturer. However, after the housing was returned 
to BHC, it was necessary to provide additional machin- 
ing stock by building up the areas still lacking in 
material with Ren Plastic, Inc. RP-1220, a two-part 
epoxy. BHC has used the RP-1220 epoxy to make similar 
repairs on bench test housings in the past. 

7. The input bore (Diameter "J") to the port accessory 
bore (Diameter "M") and the input bore (Diameter "J") 
to the forward accessory bore (Diameter "AL") were 
not 90 degrees and 180 degrees, respectively positioned. 
Due to the extensive rework that would have been re- 
quired, no correction was attempted. The bores were 
machined per blueprint, resulting in portions of the 
filament-wound carbon-epoxy liners in the left and 
forward accessory bores being machined away. This 
discrepancy did not affect the bench test program 
since dummy quills (quills without gears) were used 
in both accessory bores. 

8. The oil jet pad (number 6) located on the right 
side of the housing was mislocated down .182 and for- 
ward .200. The oil jet pad houses the input pinion 
roller bearing oil jet. The discrepancy was corrected 
by laying on additional BMC material. 

9. The boss that houses the input pinion roller bearing 
oil jet inside the housing was omitted. The boss is 
located to the right side of the bore for the 
input pinion roller bearing. The discrepancy was 
corrected by molding a boss of BMC material and 
bonding it onto the housing. 

10. The oil manifold pad located to the right side 
of the input bore was mislocated .121 toward the in- 
put bore. The discrepancy was corrected by laying on 
additional BMC material. 

11. The oil jet pad (number 5) located to the left 
side of the input bore was mislocated up 1.000. The 
pad houses the oil jet for the input pinion/gear mesh. 
The discrepancy was corrected by laying on additional 
BMC material. 

After the housing was returned to BHC, four additional dis- 
crepancies were discovered during machining. The first of the 
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four discrepancies is discussed in item 6 above, and the re- 
maining three are discussed below. 

12. The boss inside the housing that houses the oil jet 
(number 5) for the input pinion/gear mesh had been 
omitted.  The boss is located to the left side of 
the input bore.  Repairs to the housing were made 
by thermal fitting a steel sleeve in the housing to 
house the oil jet.  The sleeve was also pinned in 
place to insure that it did not rotate during bench 
test. BHC has used similar repairs in the past on 
transmission housings. 

13. The bolt holes required by the blueprint to pass 
through the lower flange on either side of the input 
bore were not machined in the housing. The holes are 
spot faced on the upper surface of the bottom flange. 
A large portion of the composite housing would have 
been machined away to spot face the required area, 
whict could have seriously weakened the input quill 
area of the housing. The composite housing has more 
materic.1 in this area than a production magnesium 
housing.  Omission of the two studs was not detrimental 
to the bench test program since the housing was not 
subjected to flight lift loads. 

14. Two of the 12 bolt holes drilled in the steel inserts 
of the bottom flange and 14 of the 20 bolt holes 
drilled in the steel inserts of the top flange were 
partially in the carbon-epoxy material.  The dis- 
crepancy resulted from the mispositioning of the steel 
inserts with respect to the centerline of the input 
pinion bore.  No attempt was made to correct the dis- 
crepancy since the structural integrity or the func- 
tional requirements of the housing were not affected. 

The composite housing was successfully machined to 204-040- 
353-23 blueprint configuration except for the discrepancies 
listed above.  The composite housing required 174 manufactur- 
ing man-hours to machine. Approximately 17 manufacturing man- 
hours are required to machine the production magnesium housing. 
The man-hours required to machine the respective housings are 
included for information only and should not be used for com- 
parison.  In a high-production environment, the man-hours re- 
quired to machine the composite housing would diminish and 
could conceivably approach the man-hours required to machine 
the magnesium housing. 

The final operation required to ready the housing for assembly 
in a bench test transmission was the installation of studs. 
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inserts and lock rings, washer seats, and shims.  The instal- 
lation of the studs in the housing required .003- to .012-inch 
oversize studs to meet the blueprint torque requirements.  The 
stud installation also revealed that the same stud reinstalled 
in the hole from which it was removed required only approxi- 
mately 50 percent of the original installation torque.  In- 
stallation of the washer seats caused small surface cracks in 
the BMC. The remaining items were installed without incident. 

THERMAL EXPANSION ANALYSIS 

The objective of this test was to determine the coefficient of 
thermal expansion from 100"F to 3500F in 50-degree increments 
for the bearing liner bores and the gear quill bores.  From 
this data, the correct interference fit for the liners was 
calculated. 

The coefficie it of thermal expansion was determined by com- 
paring the output of strain gages bonded to the S/N 1 hous- 
ing and those bonded to a known calibration material. This 
comparison can be expressed mathematically as 

aH = (2.4 x 10'6 in./in. -0F)ALH/ALt 

Tungsten was selected as a calibration material because of its 
almost constant coefficient of thermal expansion over a broad 
temperature range.  Per Reference 3, the coefficient of ther- 
mal expansion for tungsten is 2.4 x 10~*> in./in. -0F. The 
equipment required for the test included strain gages, a re- 
cording oscillograph, a temperature recorder, and an oven in 
which to heat the housing and tungsten bar.  The test setup 
is shown in Figures 6 and 7. 

Both large and small size strain gages of the same type were 
available for the test.  In order to select the gage size best 
suited for the test, a preliminary test was conducted with one 
gage of each size bonded in the input quill bore. Between the 
temperatures of 2500F rmd 30(i0F, the large size gage indicated 
zero strain.  Examination of the input quill bore revealed the 
gage had failed because it had been placed over a hairline 
crack in the circumferentiälly wound graphite liner. The 
smaller size gages were selected since they could be positioned 
to avoid cracks in the housing bores. 

»After completion of the gaga evaluation test, all of the bores 
in the S/N 1 and S/N 2 housings were dy-j-penetrant inspected. 
As shown in Figures 8 through 11, all of the bores in the S/N 
1 housing had hairline cracks except the one for the input 
pinion roller bearing.  All of the bores in the S/N 2 housing, 
including the input pinion roller bearing bore, were similarly 

3weber, R. L., White, M. W., and Manning, K. v., COLLECT PHYSICS, 3rd 
Edition, New York, McGraw-Hill Book Company, 1959. 
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Setup for Thermal Expansion Analysis. 

7. instrumented Housing and 
Tungsten Bar in Oven. 
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1 

Figure 8. Crack in the Input Quill 
Bore of S/N 1 Housing. 

Figure 9. Close-up of Crack in the Input 
Quill Bore of S/N 1 Housing. 
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Figure 10. Crack in the Left-Side Accessory 
Bore of S/N 1 Housing. 

Figure 11. No Cracks in the Input Pinion Roller 
Bearing Bore of S/N 1 Housing. 
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cracked.  The cracks in the input and accessory quill bores 
were located approximately in the same plane as the inter- 
section of the housing cylindrical wall and the quill bores. 
It is possible that a thermal expansion differential between 
the housing wall and the quill bores could have caused the 
graphite liners to crack.  As shown in Figures 12 and 13, the 
graphite liner in the bore for the input gear roller bearing 
was severely cracked.  These cracks could possibly have been 
caused by a thermal expansion d;tferential between the graph- 
ite liner and the surrounding nine webs. 

Two strain gages in a circumferential direction and one in the 
axial direction were bonded in each bore except the input gear 
roller bearing bore.  Only one gage in the circumferential 
direction could be bonded in the input gear roller bearing 
bore due to the numerous cracks. 

The output from the gages positioned in the axial direction 
exceeded the recording oscillograph scale on the initial test. 
The recording oscillograph scale factor was readjusted, and the 
test was repeated with more satisfactory results.  The results 
of Tests 1 and 2 are plotted in Figures 14 and 15, respectively. 
From the test results, the average coefficient of linear ther- 
mal expansion in the circumferential direction was calculated 
to be 2.0 x 10-6 in./in.-0F for 1230F to 3500F. The coeffici- 
ent of linear thermal expansion in the axial direction varied 
from 8.2 x lO-6 in./in.-^F at 1300F to 16.9 in./in.-0F at 
2 50'F.  Due to this wide variation, it was not feasible to 
calculate an average coefficient of linear thermal expansion 
in the axial direction. 

Using the average coefficient of linear thermal expansion in 
the circumferential direction, the interference fit for the 
input pinion and gear roller bearing liners was calculated. 
A line-to-line fit at -400F was selected as the basis for the 
liner fit.  The thermal expansion calculations and interfer- 
ence fit calculations are shown in Appendix A. 

THERMAL CONDUCTIVITY ANALYSIS 

The objective of this test was to determine the thermal con- 
ductivity of the composite housing.  The thermal conductivity 
of the composite housing differing significantly from the ther- 
mal conductivity of the production magnesium housing would af- 
fect the transmission cooling system and the operating environ- 
ment of the bearings and gears mounted in the composite housing. 

The thermal conductivity of the housing was determined by using 
a heat source inside the housing with all openings sealed with 
asbestos sheet.  The temperature difference across the housing 
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I i jure 1<£. Cracks in the Input Gear Roller 
Bearing Bore of S/N 1 Housing. 

Figure 13. Cracks in the Input Gear Roller 
Bearing Bore of S/N 2 Housing. 
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wall and asbestos sheet was measured by special temperature-
sensitive strain gages. By knowinq the amount of heat put 
into the housinq, the thermal conductivity of the asbestos 
sheet, and the temperature differences across the housing wall 
and asbestos sheet, the thermal conductivity of the housinq 
was calculated. 

Equipment required for the test included nickel foil tempera-
ture strain qaqes, a recording oscillograph, a temperature 
recorder, a potentiometer calibration device, an oven, 
1-inch-thick asbestos sheet, and a 1500-watt heating element 
with manually operated thermostat. The test setup is shown 
in Figure 16. 

Figure 16. Test Setup for Thermal 
Conductivity Analysis. 

ihe heating element was located inside the case, and all open-
ings were sealed with the asbestos sheet as shown in Figures 
17 and 13. ;he strain gages were located as shown in Figure 
19. Locating the jages in pairs directly opposite each other 
and using a matching network, the oscillograph deflection rep-
resented the temperature difference across the wall. After 
the output of the strain was calibrated as detailed in Appen-
dix B, the temperature difference across the wall at the 
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Figure 17. Housing Internal Test Setup for 
T.iermal Conductivity Analysis. 

Figure 18. Housing External Test Setup for 
Thermal. Conductivity Analysis. 
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four locations was measured at three internal steady-state 
temperatures: 2030P, 1930F, and 1410F.  The thermal conduc- 
tivity of the housinq at each temperature was calculated as 
shown in Appendix C. 

The averaqe thermal conductivity of the housing was calculated 
to be .52 BTU/hr-ft-0F.  The very low thermal conductivity of 
the carbon-epoxy material would classify it as a very good in- 
sulator which is not desirable for a transmission housing ma- 
terial.  For comparison, the thermal conductivity of magnesium 
and asbestos^ is 92 BTU/hr-ft-0F and .087 to .375 BTU/hr-ft-0F, 
respectively. Future use of similarly configured composite 
transmission housings would require an increase in the capacity 
of the transmission cooling system since the carbon-epoxy 
material conducts .6 percent as much heat as magnesium. 

The effect of the low thermal conductivity of the composite 
housing on the transmission cooling system was scheduled to 
be determined during the thermal map test.  However, due to 
the structural failure of the input quill area of the housing, 
the thermal map test could not be performed. 

SPIRAL BEVEL GEAR DEVELOPMENT TEST 

To distribute the load on the teeth, aircraft spiral bevel 
gears are developed to operate in a particular gearbox. 
Development is required since each gearbox design has its own 
deflection characteristics. The development involves the 
operation of the spiral bevel gear set in the gearbox, the 
inspection of the tooth wear patterns to determine loc.^ dis- 
tribution, and, if necessary, the regrinding of the pinion 
teeth.  The development procedure may have to be repeated 
several times before an acceptable wear pattern is achieved. 

Since it was possible that the mounting deflections for the 
input spiral bevel pinion and gear in the composite housing 
differed significantly from the deflections in the production 
204-040-353-23 magnesium housing, a spiral bevel gear develop- 
ment test was conducted.  Prior to assembling a test trans- 
mission, extensive gear tooth pattern checks for the input 
spiral bevel pinion and qear were made on a Gleason test 
machine.  The purpose of the pattern checks was to insure 
that the qears were per blueprint and to aid in redevelopment 
of the pattern, if necessary. 

A test transmission was assembled using the components from 
S/N A12-59 GFE transmission, the composite housing, an offset 
generator quill without gear in the forward accessory bore, 
and a side-mounted generator quill without gear in the left 
accessory bore.  The dummy accessory quills were used so that 

4Kreith, F., PRINCIPLES OF HEAT TRANSFER, 2nd Edition, Scranton, Pennsyl- 
vania, International Textbook Company, 1966. 
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the composite housing would have the same stiffness benefit 
as a magnesium housing during bench test. 

The spiral bevel gear development test was to be conducted 
per the schedule shown in Table 4. 

TABLE 4.   LOAD SCHEDULE FOR SPIRAL BEVEL         1 
GEAR DEVELOPMENT TEST 

I         Step 
Time      Percent Input 

Step     (Hr)       Power   RPM 

MAST     OUTPUT   1 

Torque 
(In.-Lb) HP 

i  1 As 
Required 

0-25 u-6600 0-53,659 0-275    1 

2 1 25 6600 53,659 275    | 

3 1 50 6600 107,318 550 

4 1 75 6600 160,977 825    1 

5 1          100 6600 214,636 1100   1 

6 1 125 6600 268,295 1375    ! 

Operation during the initial step revealed excessive leakage 
of oil through bond voids and cracks around the input quill 
bore. The leaks were serious enough to prevent further use 
of the housing unless it could be sealed.  USAAMRDL requested 
BHC to attempt to seal the housing so that the bench test pro- 
gram could be conducted. 

The housing was twice sent through a vacuum impregnation pro- 
cess per Bell Process Specification (BPS) 4432.  The vacuum 
impregnation process uses a thermosetting polyester resin of 
»low viscosity designed specifically for impregnation of porous 
magnesium and aluminum transmission housings. The housing was 
then pressure tested as shown in Figure 20 without reassembling 
in a test transmission. The impregnation process had no ap- 
preciable effect on the oil leaks, and additional leaks were 
discovered inside the housing around the input quill bore. 
Figures 21 through 23 show the location of the leaks. 

An additional problem, discovered during the pressure test, 
was the failure of the threads for the inserts in the oil mani- 
fold pad. The failure of the threads in the bulk molding 
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Figure 22. Oil Leak Coming From the Main Bearing Ring-
to-Housing Bond After Vacuum Impregnation. 

Figure 23. Oil Leak Near the Input Pinion/Gear Mesh 
Oil Jet After Vacuum Impregnation. 
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compound (BMC) was not unexpected since the BMC has only 49 
and 25 percent of the shear strength of the magnesium housing 
at 70 F and 3500F, respectively.  The failed threads were re- 
paired by laying on Hysol Dexter EA-934, retapping, and in- 
stalling inserts with 35 percent more shear area. 

A second attempt at sealing the housing was successful.  The 
oil passages entering and exiting the input bore were drilled 
oversize,and a sealant was injected through the passages.  Pins 
were centered in the oversize oil passages prior to injecting 
the sealant.  After the sealant had cured, removal of the pins 
left a cylinder of the sealant lining the oil passages.  The 
sealant was injected into a vee (both inside and outside the 
housing) which was machined into the BMC at the main bearing 
ring-to-housing bond.  The sealant used was Dow Corning RTV 
20-046 fluorinated silicone, oil and fuel resistant, -dS^F to 
500 F temperature range.  The BHC designation for the sealant 
is 299-947-152, Type III. 

While the housing was being cleaned prior to the second 
sealing attempt, it was mistakenly immersed in the trichlo- 
roethylene of a vapor degreaser for 2 hours.  Some visible 
damage to the housing occurred. As shown in Figures 24 and 
25, flaking from the surface of the BMC occurred. Most of 
the flaking came from the BMC that was added to the housing 
by its manufacturer to correct deficiencies so that the 
housing could be machined to blueprint specification. The 
damage was minor, and no repairs to the BMC were necessary. 

After the housing was sealed with the fluorinated silicone, 
it was pressure tested using 60-psi air and soapy water brushed 
onto the housing surface.  The pressure test revealed that the 
housing still had some small leaks as shown in Figures 26 
through 29.  However, the leaks were not serious enough to 
prevent resumption of the spiral bevel gear development test. 

After a test transmission of the configuration previously de- 
scribed was reassembled, the spiral bevel gear development test 
was successfully completed.  The initial step of the schedule 
shown in Table 4 was used to check for proper lubrication dis- 
tribution and scavenge and to check the function of the remaining 
system at low powers.  After the completion of each step, the 
input pinion quill was removed from the housing and photo- 
graphs of the wear patterns were made. Figures 30 through 34 
show the drive side wear pattern on the input pinion after each 
step. Since the loads are approximately the same, the wear 
pattern after Step 5 can be compared to the acceptance test 
wear pattern from Reference 5, shown in Figure 35.  The com- 
parison reveals that the pattern is slightly low on the tcoth, 
but acceptable, and that the composite housing is slightl;/ 

^Hopfensperger, L. J., SPECIFICATION FOR THE 204-040-009, 204-040-016, AND 
205-040-001 TRANSMISSION ASSEMBLIES, BHC Report 204-947-153, Bell Helicopter 
Company, Fort Worth, Texas, February 1964. 
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Flaking From BMC Oil Manifold 
Pad and Thread Failures. 

Figure 24. 

Figure 25. Flaking From BMC Oil Jet Pad for 
Input Pinion/Gear Mesh Oil Jet. 
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Figure 27. Leak Adjacent to Oil Manifold Pad After 
Sealing VJith Fluorinated Silicone. 

Figure 26, Leak in Oil Transfer Tube Bore After 
Sealing With Fluorinated Silicone. 
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Figure 28. Leaks From Main Bearing Ring Near 
Top of Housing After Sealing With 
Fluorinated Silicone. 

Figure 29. Leak From Main Bearing Ring Near 
Bottom of Housing After Sealing 
With Fluorinated Silicone. 
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Figure 30. Pinion Drive Side Wear Pattern After 
25 Percent (275 HP) Load Step. 

4 
Figure 31. Pinion Drive Side Wear Pattern After 

50 Percent (550 HP) Load Step. 
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Figure 32. Side Wear Pattern After 
825 HP) Load Step. 

Pinion Drive 
75 Percent ( 

Figure 33. Pinion Drive Side Wear Pattern After 
100 Percent (1100 HP) Load Step. 
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Pinion Drive Side wear pattern . 
125 Percent (1375 HP) Load Step 

Figure 35. Acceptance Test Wear Pattern for Drive 
Side of Pinion (1144 Input HP). 
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stiffer than the magnesium housing since the pattern did not 
move as close to the heel as usual. The pattern's being slightly 
low on the tooth could be corrected by changing shim thickness. 
Since the composite housing was shown to be only slightly 
stiffer than the magnesium housing, redevelopment of the input 
spiral bevel pinion and gear was not necessary. 

The oil leaks around the input quill increased to a maximum 
of approximately one quart per hour during the test.  Two ad- 
ditional deficiencies were also noted during the test. 

The removal and installation of the input quill after each 
step resulted in the filament-wound carbon-epoxy liner in the 
input bore splintering as shown in Figure 36. The damaged 
liner was repaired with Ren Plastic, Inc. RP-1220 epoxy. 

As shown in Figure 37, the BMC bearing ring for the forward 
accessory bore pulled out of the housing approximately .05 
inch.  The ring-to-housing bond apparently failed.  It is not 
known whether the installation of the offset generator quill 
during assembly or the vibration during the test caused the 
failure.  The BMC ring around the quill was not carrying any 
load during the test since the gear was removed from the quill. 
No repairs were attempted since the failure did not prevent 
further use of the housing. 

THERMAL MAP 

The thermal mapping of a transmission using the composite 
housing was to be performed in two phases.  The first phase 
objectives were to determine the heat rejection rate of the 
transmission, the weighted sound pressure level of the trans- 
mission, and the temperatures of the transmission externally 
and of the composite housing internally.  The second phase 
objective was to perform a thermal map of the transmission 
that would have been directly comparable to the thermal map 
performed under USAAMRDL Contract DAAJ02-72-C-0081. 

A test transmission was assembled using the components from 
S/N A12-52 GFE transmission, the composite housing, an offset 
generator quill without gear in the forward accessory bore, and 
a side-mounted generator quill without gear in the right acces- 
sory bore. The S/N A12-52 transmission had been used to per- 
form the previous thermal map. The transmission was lubricated 
with MIL-L-7808.  The instrumentation was the same as noted in 
Reference 1, except for three additional thermocouples bonded 
to the inside wall of the composite housing opposite thermo- 
couples 1K3, 3K3, and 7K3. 

Since the components of S/N A12-52 transmission could possibly 
have been damaged by the high temperatures experienced 
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Figure 36. Splintering of Filament-Wound Carbon-
Epoxy Liner in Input Quill Bore. 

Figure 37. Pullout of Forward Accessory 
Bore BMC Bearing Ring. 
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in the previous thermal map, a green run and inspection simi- 
lar to those outlined in Reference 5 were to be performed. 
Additional functions of the green run were to check for proper 
lube system distribution and scavenge and for proper operation 
of all instrumentation. 

The yreen run schedule shown in Table 5 was successfully com- 
pleted through Step 13 before stopping for the day. 

TABLE 5.  GREEr* I RUN SCHEDULE PRIOR 
TO THERMAL MAP 

STEP 
TIME 

ACCM 
TIME 

MAST OUTPUT  i T/R DRIVE  j 

INPUT TORQUE TORQUE 
STEP (Hr) (Hr) RPM (In.-Lb) HP (In.-Lb) HP  1 

!  I .1 0-4000 None None None None i 
2 .2 4400 25,534 87 600 27.6 j 
3 .3 4800 25,534 95 600 30.4 j 
4 .4 5200 25,534 103 600 33.2 
5 .5 5800 25,534 116 600 36.0 j 

1  6 .6 6400 75,000 372 600 39.7 
\       7 .7 7040 135,180 740 600 43.7 \ 
1  8 .8 6600 135,180 693 725 49.0 

!  9 . 1 .9 6400 150,000 745 900 59.5 
10 1.0 6400 175,000 870 1200 79.4 

1 11 1.1 6400 202IT'0 11010 450 29.8 1 
12 1.3 6600 195,514 1002 1466 1  100 | 

i    13 1.4 6600 207,806 1065 733 50 i 
1 14 1.6 6600 195,514 1002 1466 loo i 

15 1.7 6600 207,806 1065 733 1 50 
16 .2 1.9 6600 195,514 1002 1466 100 
17 .1 2.0 6600 207,806 1065 [   733 50 

After completion of a 10-minute warm-up the following morning» 
the load was gradually being increased to the torque specified 
for Step 14.  At a load of approximately 1002 mast horsepower 
and 75 tail rotor horsepower, the input quill area of the com- 
posite housinq structurally failed.  The axial load acting on 
the input quill at failure was approximately 3600 pounds.  As 
shown in Figures 3£ through 41, the input quill was pushed ap- 
proximately .8 inch out of the housing, allowing the input 
pinion and gear teeth to disengaqe.  As shown in Figures 42 
through 49, the composite housing was damaged beyond repair. 
Figures 42 and 4 3 provide orientation for Figures 44 through 
49. 
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Figure 38. Left-Side View of Transmission 
After Failure of Composite Housing. 
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Right-Side View of Transmission After 
Failure of Composite Housing. 

48 



Fiqure 40. Left-Side View of Composite 
Housing After Failure. 

Figure 41. Right-Side View of Composite 
Housing After Failure. 
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Figure 42. Exterior of Composite Housing After Failure 

Figure 43. Interior of Composite Housing After Failure 
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.• icjure 44. Input Bore of Composite Housing After Failure 

Tear Located on Left Side of Input Bore 
of Composite Housing After Failure. 



Figure 46. Crack Near Bottom Flange of 
Composite Housing After Failure, 

Figure 47. Crack in the Input Pinion Roller Bearing 
Web-Housing Bond After Failure, Right Side. 
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Figure 48. Interior Boss That Houses Oil Jet for 
Input Pinion Roller Bearing After Failure 

Figure 49. Crack in the Input Pinion Roller Bearing 
Web-Housing Bond After Failure, Left Side 
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FAILURE ANALYSIS 

Visual inspection of the failed housing suggested that the 
failure was probably caused by a faulty bond between the body 
of the housing and the main bearing ring.  Figure 50 shows 
that the bearing ring pulled out from the housing, the bond 
material adhered to the bearing ring, and the top of the rinq 
pulled away more than the bottom.  The amount of separation 
varies almost linearly from top to bottom, implying that the 
origin of failure was at the top.  If the applied thrust load 
had been distributed uniformly around the face of the bearing 
ring (approximately equal tensile load on each of the 7 mount- 
ing studs) at first, then as the top pulled away the lower 
studs would have become more heavily loaded and the ring would 
have been loaded in bending perpendicular to its plane.  Eventu- 
ally, this would have caused a failure in combined bending and 
tension near the bottom of the bearing ring. This failure did 
in fact occur and is visible in Figures 51 and 52. 

An examination of the outer surface of the bearing ring re- 
vealed two facts: 

1. The adhesive was gold in color rather than the 
gray characteristic of Hysol Dexter*s EA-934. 

2. A brown film of material was distributed over 
approximately 15 percent of the bond material. 
This substance could be removed from the bond 
material by hand. 

These two phenomena suggested that a large number of voids 
were probably present at the faying surface between the hous- 
ing and ring, and these permitted contaminants to contact the 
EA-9 34. 

Another fact of importance is that the maximum thrust load to 
which the bearing ring was subjected duriny ary test was 4556 
pounds.  This compares with the design ultimate thrust load 
of 8003 pounds per Reference 2. 

A test program was performed to either confirm or deny the 
preliminary assumptions as to the cause of failure.  It con- 
sisted of the following: 

1.  The housing was cut in four places along the pe- 
riphery of the ring, and measurements were made 
to determine whether the manufactured dimensions 
were in accordance with those specified on the 
drawings.  The locations at which the housing was 
cut are shown in Figures 51 and 53, and are marked 
A-A through D-D. 

54 



Figure 50. Side View of Failure Showing Bearing 
Ring Pulled Away From Body of Housing. 
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2. Five specimens of EA-9 34 adhesive were bonded to a 
surface of aluminum alloy and heated to five dif- 
ferent temperatures from 1500F to 3500F. Each 
specimen was maintained at these temperatures for 
2 hours. The purpose of this test was to deter- 
mine if heat would turn the color of the adhesive 
from gray to qold. 

3. Samples of the bond material were removed from the 
failed section of the case and analyzed by the elec- 
tron beam microscope and the infrared (IR) spectral 
photometer.  The analysis was compared with a similar 
analysis made on the basic EA-9 34 to determine if con- 
taminates were present. 

4. Samples of the brown film were removed from the bond 
and compared with several known materials by means of 
the IR spectral photometer in order to identify the 
film. 

5. One of the specimens that had been heated to 3500F 
for 2 hours was placed in the trichloroethylene of 
a vapor degreaser tank at 1800F to 1950F for 2 hours 
to determine if this would have any effect on the bond. 

6. Six double shear specimens were made by bonding EA-9 34 
to E-glass cloth, two by each of the following pro- 
cedures: 

Bond made with contact pressure in accordance 
with good bonding practice for EA-934 adhesive. 

Bond made with little or no contact pressure 
between the glass and adhesive. 

Bond made with little or no contact pressure 
between the glass and adhesive; specimens sub- 
jected to the vacuum impregnation cycle. 

These specimens were then tested in shear to compare the shear 
strength of EA-9 34 bonds made with accepted bonding procedures 
with those made with poor contact pressure and exposed to the 
vacuum impregnation cycle. 

It was virtually impossible to obtain a full set of accurate 
dimensions on the main bearing ring because the failure had 
weakened it and the inner ring fell apart when the sections 
were cut.  However, some measurements were made between Sec- 
tions A-A and D-D as shov.'n in Figure 53.  The fore and aft 
dimensions in line with the thrust load varied from 1.88 to 
2.11 inches, as compared with a specified dimension of 2.12. 
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No tolerances are shown on the drawings of Reference 2. This 
slight departure from specification was not considered to be 
significant. The thickness of the filament-wound graphite- 
epoxy liner in the input quill bore varied from 0.046 to 0.060 
inch, as compared with a drawing thickness of 0.12. The size 
difference was a result of the Modmor I liner being machined 
to the 204-040-353-23 blueprint dimension. Modmor I is a brit- 
tle, notch-sensitive material whose strength could be impaired 
by machining. The reduced thickness and machining undoubtedly 
had some weakening effect on the structure, but this probably 
had little effect on the premature failure.  Instead, it may 
be considered as a minor contributory factor. 

The test in which several specimens of EA-9 34 were heated to 
several temperatures up to 3500F showed essentially nothing. 
The specimen exposed to 3500F showed a small discoloration 
tending toward a green-gold color.  To see if the change war 
cumulative with time, this specimen was reheated and the tem- 
perature maintained for 1 more hours.  No further discolora- 
tion resulted. The color was far from the gold color seen in 
the failed adhesive. It was concluded, therefore, that some- 
thing other than heat caused the adhesive's discoloration. 

The analysis of the bond surface by the electron beam micro- 
scope showed traces of silicon, chlorine, and magnesium in 
addition to the materials contained in uncontaminated EA-934. 
The presence of these materials can be explained in that sili- 
con is one of the materials used in the impregnation process, 
chlorine is one of the elements of the trichloroethylene de- 
greaser, and the upper case is made from magnesium. Therefore, 
traces of magnesium could go into the solution in the trans- 
mission oil and flow into the bond.  The probability of these 
materials1 appearing on the bond surface is increased if the 
bond is not sealed at the edges—characteristic of a bond with 
a large number of voids. 

Although it was suspected that transmission oil permeated the 
bond surface, its presence could not ba  detected because the 
degreaser removed all traces of oil.  The presence of magne- 
sium, however, does lend strong support to the theory that 
there was oil at the faying surface between the case and the 
bearing ring. 

The IR spectral photometer verified the results obtained with 
the electron beam microscope, and added one important piece of 
information: the brown film found on approximately 15 percent 
of the adhesive surface was a polyester material.  Figure 54 
shows the traces of the comparison, of the brown film with a 
known polyester. The two materials follow each other closely 
throughout the range of wavelengths tested. Since a polyester 
material was used to impregnate the housing at 85 to 100 psi 
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pressure, this must have been deposited during the impregnation 
cycle.  The polyester would have penetrated such a large area 
of the adhesive only if there had been large voids in the bond. 

The test of the EA-9 34 specimen, initially heated to 3500F, in 
the vapor degreaser tank failed to reveal any signs of bond 
deterioration.  The bond surface appeared as smooth as before 
the test, even under magnification.  It is concluded that the 
trichloroethylene degreaser did not chemically attack the EA- 
934. 

TABLE 6.   RESULTS OF DOUBLE SHEAR TESTS OF EA-9 34 
BONDED TO FIBERGLASS CLOTH 

Type of 
Specimen 

Failing 
Shear 

Stress 
Average of 

2 Tests 

Relative 
Average 
Strength 

Good bond practice 1475 
1755 

1615 1.0 

Minimal contact 
pressure 

1619 
992 

1305 .81 

Minimal contact 
pressure plus 
impregnation 

1294 
1485 

1390 .86 

Although the test results show a relatively large scatter, 
there is a 14 to 19 percent reduction in strength between 
specimens made with good bonding practice (firm pressure be- 
tween adherents) and those in which minimal bonding pressure 
was used. The impregnation process did not have an adverse 
effect on the bond shear strength.  However, the failed speci- 
mens did not have any of the brown film that was found on the 
failed part.  It may therefore be reasonably assumed that the 
test bonds were of better quality than the one made on the 
transmission case.  It is also assumed that, although they had 
less strength than the good test bond, they were stronger than 
the one made on the case. 

The laboratory tests confirm that 
the bond between the main bearing 
housing; and the cause of the fail 
quality of the bond.  The origin o 
portion of the ring, with failure 
torn.  The final failure was one of 
of-plane bending of the bearing ri 
bond was the cause of premature fa 
certainty that it would have survi 

the primary failure was in 
ring and the body of the 
ure at low load was the poor 
f failure was at the upper 
progressing from top to bot- 
combined tension and out- 

ng.  Although a poor quality 
ilure, one cannot say with 
ved i f the bond had been 
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perfect.  It has never been proven that with a perfect bond 
the structure would be adequate for the design ultimate load 
of 800 3 pound:. 
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CONCLUSIONS 

The testing of the composite material helicopter transmission 
housing led to the following conclusions: 

1. This particular composite material transmission 
housing design does not have the structural in- 
tegrity to be used in a helicopter transmission. 
The design has many shortcomings, the most serious 
being the structural failure of the input quill 
area of the housing due primarily to a defective 
main bearing ring-to-housing bond.  The defective 
bond was evidenced by oil leaking through the bond 
prior to the spiral bevel gear development test; 
the presence of silicon, chlorine, magnesium, and 
the resin used in the vacuum impregnation process 
throughout the bond interface; and the reduced 
load-carrying capacity of double lap shear speci- 
mens bonded together with no pressure. 

2. The composite material housing has very poor thermal 
conductivity properties. The average thermal con- 
ductivity of the composite housing was .52 BTU/hr- 
ft-0F for 141^ to 203^. For comparison, the 
thermal conductivity of magnesium and asbestos is 
92 BTU/hr-ft-0F and .087 to .375 BTU/hr-ft-0F, 
respectively. The composite housing would conduct 
.6 percent as much heat as the magnesium housing. 
The low thermal conductivity of the composite housing 
would result in increasing the lube system capacity 
with an accompanying increase in weight to maintain 
the transmission oil temperature in the 2OO0F - 2300F 
temperature range.  Unless a transmission is developed 
with components capable of operating at a higher tem- 
perature, possibly in the 4000F temperature range, an 
increase in lube system capacity would be required, 
quired. 

3. The composite housing, especially the carbon-epoxy 
material, is more difficult to machine than conven- 
tional magnesium or aluminum housings.  Grinding had 
to be used almost entirely to machine the carbon- 
epoxy material. 

4. The average coefficient of linear thermal expansion of 
the filament-wound carbon-epoxy liners in the housing 
bores in the circumferential direction was 2.0 x 10"° 
in./in.-0F for 1230F to 3500F.  For comparison, the 
coefficient of linear thermal expansion of steel and 
magnesium is 6.3 x 10"^ in./in.0F and 14.0 x 10~6, 
respectively.  The coefficient of linear thermal 
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expansion of the liners in the axial direction varied 
from 8.2 x 10-6 in./in.-0F at 1300F to 16.9 in./in.-0F 
at 2500F. 

5. The spiral bevel gear development test showed that the 
S/N 2 composite housing was slightly stiffer than 
the magnesium housing since the wear pattern on the 
input spiral bevel pinion teeth did not move as close 
to the heel as usual.  However, the S/N 2 composite 
housing is approximately two pounds heavier than a 
magnesium housing. 

6. The choice of materials for the housing has to be 
questioned.  Modmor I, as is characteristic of HM 
graphite, is brittle, has low fracture toughness, and 
has little structural forgiveness.  Although Modmor I 
has high stiffness, it XB  not recommended for use where 
vibration, frequent heat cycling, and high cyclic 
loadings are design considerations.  The bulk molding 
compound (BMC) was selected for its machinability 
properties.  However, it cannot be substituted equally 
for cast magnesium or aluminum due to its inferior 
strength.  The filament-wound carbon-epoxy liners have 
very poor axial strength, as exhibited by circumfer- 
ential cracks in the liners and splintering of the 
fibers during assembly and removal of the gear quills. 
Additionally, the difference between the coefficients 
of thermal expansion of carbon-epoxy and BMC could 
possibly have contributed to the failure of the ring- 
to- housing bonds. 
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RECOMMENDATIONS 

The following recommendations are made for future applications 
of composite materials  to  transmission housings: 

i 
1. Composite materials should be investigated further 

for less complex applications such as airframe at- 
tachment housings and transmission oil sumps.  The 
airframe attachment housings have less demanding 
machining requirements, less complex loading, fewer 
oil passages, and less effect on heat transfer, since 
in many applications they do not closely surround 
gears. Oil sumps made of composite materials are 
presently being manufactured and developed for heli- 
copter transmissions. 

2. Future designs should not contain a joint whose in- 
tegrity relies on an unpressurized cold bond such as 
that attaching the bearing ring to the body of the 
housing.  One can never be certain that the two faying 
surfaces are well matched dimensionally.  When one 
ring is nested into another, there is a tendency for 
the adhesive to wipe away, to form local high and low 
spots, and consequently to develop large voids.  The 
joint should at least be the type of structure capable 
of being expanded by male tooling ho assure that the 
bond is made with uniform pressure and heat.  Further- 
more, it is recommended that the joint configuration 
be flanged so that a bond in shear is not solely re- 
lied upon to carry the axial gear load. 

3. Prior to the fabrication of future composite housings, 
a test program should be conducted to verify the 
strength of joints and to insure that all materials 
have compatible thermal expansion characteristics. 

4. Either Type II (HT) or Type A graphite should be con- 
sidered for future designs. Although hign stiffness 
was a design requirement and the housing would have 
been heavier if Type II or Type A had been used, the 
operational environment for a transmission housing is 
too severe for ar brittle a material as Type I (HM) 
graphite. 
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APPENDIX A 
CALCULATIONS FOR THERMAL EXPANSION ANALYSIS 

AVERAGE COEFFICIENT OF THERMAL EXPANSION IN THE 
CIRCUMFERENTIAL DIRECTION 

n * 
1 V     179.2 x 10   in./in.-'lF 

aH = n 2 ar 91  
r=l 

= 2.0 x 10'6 in./in.-0F 
Values of a are from Tables A-l and A-2. 

INTERFERENCE FIT OF BEARING LINERS 

Select a line-to-line fit at -40* F. 

D.    = D.    1 + t AT 
L-40    L70 L    "  J 

DH    = DH   1 + ^HAT H-40   H70 L    H 

DH   = DL H-40   L-40 

DH H70 
1 + auAT = D.    1 + a.AT L    H  J    L70 L     L  J 

D   - 
«70 

D.    1 + a.AT 
L70 L   L J 
1 + auAT^ n 

■ 

DL  fl ♦ (6.3 x 10'6 in./in.-0F)(-400F - 700F1 

[l + (2.0 x 10"6 in./in.-0F)(-400F - 700F)J 

D..   = .999527 D. 
'^O L70 

For the input pinion roller bearing liner, 

Du   = (.999527) (3.7545) = 3.7527 
H70 

I   = 3.7545 - 3.7527 = .0018 (use .0020 ±.0002) 

Machine housing bore to 3.7525 ±.0002. 
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For the input gear roller bearing liner, 

Du   = .999527 (6.7130) = 6.7098 
H70 

I   = 6.7130 - 6.7098 = .0032 (use .0035 ±.0003) 

Machine housing bore to 6.7095 t.0003. 
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APPENDIX B 
CALIBRATION DATA FOR THERMAL CONDUCTIVITY ANALYSIS 

The temperature-sensitive strain gages were located as 
shown in Figure 19. Nine gages (two each at four separate 
locations, and an ambient)were used.  Locating the gages in 
pairs directly opposite each other and using a matching net- 
work, the oscillograph deflection represented the temperature 
differences across the wall.  The objective of the calibration 
procedure was to determine the slope of the linear curve de- 
fining the variation of the temperature difference versus 
oscillograph deflection. 

Calibration was performed by replacing one gage of each pair 
with a 49.8-ohm resistor which represented a constant 73"F 
reference temperature.  The instrumented housing was then 
placed in the oven, and the oscillograph deflection of the re- 
maining gage was determined at four different temperatures. 
The resulting data is shown in Table B-l. 

TABLE B-l. CALIBRATION DATA FOR THERMAL 
CONDUCTIVITY ANALYSIS 

TEMP - T 
(0F) 

OECILLOGRAP' DEFLECTION - A(IN.) 

Gages 
1 and 2 

Gages 
3 and 4 

Gages 
5 and 6 

Gages 
7 and 8 

73 0.00 0.00 0.00 0.00 

118 3.67 3.89 3.75 3.60 

128 4.37 4.62 4.42 4.30 

141 5.13 5.54 5.28 5.10     | 

148 5.63 6.08 5.75 5.60     | 

By using these data points and Bell Helicopter's computer pro- 
gram nesdlO for curve fitting by the least-squares method, the 
best-fitting linear curve and corresponding equations were de- 
termined for the four pairs of strain gages.  The four equations 
are: 

T = 71.9 + 13.2A 

T = 72.2 + 12.3A 

T = 72.0 + 12.9A 

T = 72.1 + 13.3A 

For gages 1 and 2 

For gages 3 and 4 

For gages 5 and 6 

For gages 7 and 8 
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The slope of each curve was then determined by differen- 
tiating the corresponding equation by dA/dt. 

dA/dt - 13.2 For gages 1 and 2 

dA/dt =12.3 For gages 3 and 4 

dA/dt ■ 12.9 For gages 5 and 6 

dA/dt = 13.3 For gages 7 and 8 

Removing the 49.8-ohm resistor and reconnecting the second 
gage readied the setup for the thermal conductivity test.  The 
temperature difference across each wall thickness was deter- 
mined by multiplying the amount of oscillograph deflection by 
the slope. Calculations for the thermal conductivity analysis 
are shown in Appendix C. 
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APPENDIX C 
CALCULATIONS FOR THERMAL CONDUCTIVITY ANALYSIS 

TLMPERATURE DIFFERENCE ACROSS WALL 

AT = (dA/dt)(A) 

The dA/dt values are from Appendix B and the A values are 
from Table C-l.  Subscripts denote the temperature at which 
the test was conducted. 

For gages 1 and 2 on port accessory bore asbestos: 

AT 203 = (13.20F/in.)(1.26 in.) = 16.60F 

AT193 = (13.2
0F/in.)(I.3O in.) = 17.21 

AT 141 = (13.20F/in.)( .63 in.) =  8.30F 

For gages 3 and 4 on housing wall: 

AT203 = (12.30F/in.)(.34 in.) = 4.20F 

AT 

AT 

193 

141 

= (12.30F/in.)(.32 in.) = 3.90F 

= (12.30F/in.)(.21 in.) = 2.60F 

For gages 5 and 6 on housing wall; 

AT 203 = (12.9
1)F/in.) (.24 in.) « 3.10F 

•"T193  =   (12.90F/in.) (.20  in.)   =  2.60F 

AT141  =   (12.90F/in.)(.05  in.)   =     .60F 

TABLE C-l.OSCILLOGRAPH DEFLECTIONS REPRESENTING 
TEMPERATURE DIFFERENCE ACROSS WALL 

TEMP - T 
(0F) 

OSCILLOGRAPH DEFLECTION - A(IN.) 

Gages 
1 and 2 

Gages 
3 and 4 

Gages 
5 and 6 

Gages 
7 and 8 

203 1.26 0.34 0.24 2.16 

193 1.30 0.32 0.20 1.94 

141 0.63 0.21 0.05 1.16 
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For gages 7 and 8 on asbestos top cover: 

AT203 = (^•^FAn'MZ.ie in.) = 28.70F 
AT193 = (13.30F/in.)(1.94 in.) = 25.80F 

AT141 = <13-3aF/in')(1.16 in.) = 15.40F 

AREA CALCULATIONS 

Logarithmic mean area of housing wall: 

V (Ao - Ai)/ln «VV 
A^ = TID h = TT(14.74 in.) (8.95 in.) = 414.4 in.2 

o    o 
2 

A. = TiD.h ■ TT(14.40 in.) (8.95 in.) = 404.9 in. 

Äu = (414.4 in.2 - 404.9 in.2)/ln (414.4 in.2/404.9 in.2) 
n 

Ä0 = 409.6 in.
2 

n 

Area of top asbestos cover: 

AA = v^2)2  " ^(13.75 in./2)2 = 148.5 in.2 

Area of bottom asbestos cover: 

A
A      "  ^(Dn/2)2 = n(14.25 in./2)2  =  159.5   in.2 

AB D 

Area of  asbestos plug in input bore: 

A.     =  TT(DT/2)
2
 = T!(6.75 in./2)2  =  35.8   in.2 

AI I 

Area of asbestos plugs in forward and port accessory bores: 

A
A  = AA " TT(DP/2)

2
 = IT(5.00 in./2)2 = 19.6 in.2 

THERMAL CONDUCTIVITY  CALCULATIONS 

QT  = QA + Qc 

which expands to 
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Pt = 

AT. 

Solving for k.., 
H 

kH -hH/V-fHJh - kA(\ + \)'\j^ 
-  "A  (AAF 

+ \ + \)A\}h] 

kH' 
2»   TT^; (.17  in.)(12   in./ft)/(409.6  in.2)   AT 

(1500 watt)(3.413 BTU/watt-hr)t 

-    (.375  BTU/hr-ft-0F)(148.5  in.*  +  159.5  in.') 

ATA /(1  i"-^12   in-/ft)  -   (.375  BTU/hr-ft-0F) 

(19.6 in.2  +  19.6  in.2  +  35.8  in.2)AT     /(I  in.) 

(12   in./ft) 

<H  ■     (.005/ft)/ÄTc)      (5119.5  BTU/hr)t -   (9.6  BTU/hr-'F) 

AT.     -   (2 
AT 

.3 BTU/hr-0F)   ATA   1 
AP. 

Subscript denotes temperature. 

k H 203 

^H 

^H 

203 

193 

(.005/ft)/(3.650F)  (5119.5 BTU/hr) (5/38) 

- (9.6 BTU/hr-0F)28.70F) -(2.3 BTU/hr-0F) 

(16.60F) 

= .49 BTU/hr-ft-0F 

■ [(.005/ft)/3.250F)J [(5119.5 BTU/hr) (5/38) 

- (9.6 BTU/hr-0F)(25.80F) - (2.3 BTU/hr-0F) 

(17.20F) 
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ku   = .57 BTU/hr-ft-0F 
H193 

k    = |(.005/ft)/(1.60F)] [(5119.5 BTU/hr) (5/79) 

- (9.6 BTU/hr-0F)(15.40F) - (2 . 3 BTU/hr-0F) 
H141 

(8.30F)] 

kH   = .49 BTU/hr-ft-0F H141 

Average thermal conductivity: 

*H = (kH   
+ k    + k   \/3 = (.49 ♦ .57 + .49) 

\   M203   H193   H14r/ 

BTU/hr-ft-0F/3 

kH = .52 BTU/hr-ft-0F 
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LIST OF SYMBOLS 

Letter Symbols 
2 

A area, xn. 

A logarithmic mean area, in. 

D diameter, in. 

h height, in. 

I interference, in. 

k thermal conductivity, BTU/hr-ft-0F 

AL       oscillograph deflection indicating amount 
of expansion or thickness, in. 

P power, watts 

Q quantity of heat, BTU 

Ar radial thickness, in. 

T temperature, 0F 

AT temperature difference, 0F 

t duty cycle time, sec/sec 

Greek Symbols 

a coefficient of linear thermal expansion, 
in./in.-0F 

A        oscillograph deflection representing 
temperature difference, in. 

Subscript Symbols 

A asbestos 

B bottom 

F forward bore 

H        housing 

I input bore 
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LIST OF SYMBOLS (CONT'D) 

i inside 

L        liner 

o outside 

T        tungsten, top, or total 
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